Sustainable energy plays a critical role in people's everyday life. Cellulose nanofiber (CNF) is an environmentally friendly material from wood pulp. Due to its sustainability, abundance, and biodegradability, CNF has been attracted broad attention in both academic and industry. Threedimensional (3D) printing is being one of the main advanced additive manufacturing because of its controllability, accuracy with less raw materials. In this work, extrusion 3D printer is employed to print various simple structures using CNF to modify the ink's printability and also promoted to print battery electrodes (cathode and anode) using CNF and active materials mixtures. Lithium iron phosphate (LFP) and molybdenum disulfide (MoS2) are used for battery cathode active material and active anode material, respectively. CNF provides the viscous functionality for 3D printing and meanwhile provides carbon resource for electrical conductivity of battery electrode after carbonization. CNF/LFP composite as cathode electrode is made by mixing CNF ink with LFP powder; CNF/MoS2 composite as anode electrode is made by mixing CNF with as-MoS2 gel. After 3D printing process, CNF/LFP and CNF/as-MoS2 are carbonized at 600°C, respectively. During the thermal annealed process, CNF is transferred to carbon to provide electrical conductivity, and the as-MoS2 is transferred to 2H-MoS2 as anode material. The electrochemical performance of cathode and anode have been characterized to evaluate the energy density, power density, and stability as an electrode material.
Background of 3D Printing
Three-dimensional (3D) printing is an additive manufacturing (AM) technique, which refers to the fabrication of 3D object layer by layer through the deposition of material under computer control. [1] [2] [3] Nowadays, 3D printing techniques are widely used in many fields such as medical, aerospace, and energy. [4] [5] [6] In the medical field, 3D printing is used for manufacturing the prosthetic parts, human organs, surgical cutting, and drill guides. [2] [6] [7] The significant benefits of using the 3D printer are saving money and personalize model. The tools and productions of traditional prototyping injection mold are expensive investment. Compared with 3D printing, manufacturing rate and efficiency are much lower than 3D creation. [2] Before investing in an expensive molding tool, 3D printing is a good examination to check the feasible of mold plan. 3D printing can personalize products, and it can also be used for mass customization. The 3D printing is also used in the aerospace field for printing the aircraft parts that improve the quality of the parts, reduces the weight and cost. In the energy field, the applications of 3D printing are massive, and it ranges from fabricating solar cell to the battery manufacturing. [3] [8] [9] [10] 3D printing is basically a prototyping technology that could successfully transfer ink into fibers and fiber-based 3D network structures. Therefore, it can be considered as an excellent technique to be implemented in 3D-printed batteries. [11] Three-dimensional (3D) printing is a prototyping technology that enhances the accuracy of the printing structure and improves production. [2] [11] It fabricates objects layer by layers through the deposition of a material using a printer head, nozzle or some other printer technology. [4] The fundamental printing processes include three main steps: (1) material selection and preparation, (2) printing by 3D printer, and (3) post-processing processes. The material selection and preparation are the most important steps since it determines the properties of the printing ink. The viscosity and shear-thinning property of the ink will also influence the results of the printing directly. In addition, a 3d printer is an essential tool in 3D printing processes for direct digital fabrication. It prints the part given by CAD specifications as well as some parameters setting. [12] The post-processing processes are usually done based on the application of the product in fairly easy ways.
Although 3D printing technique is beneficial for printing parts precisely with minimal efforts, it cannot replace the traditional manufacturing techniques as it still has certain limitation such as feedstock material and apparatus cost. However, the 3D printing technique does have its own advantages in some areas. [4] [11] [12] First, 3D printing is an excellent technique for prototype manufacturing. The prototype can be produced much faster and accurately by using 3D printing than traditional methods especially for the small part production on a small scale. The 3D printing is also good at customizing the products. It gives the designer a significant amount of design freedom and a more straightforward way to re-design the produces by just changing the CAD drawing. [2] In some of the cases, 3D printing technique can also lower the production costs since it saves the cost of mechanisms and labor. Compare to the traditional manufacturing techniques, 3D printing technique has much larger potential in future markets due to its unique multifaceted advantages.
There are three most widely used 3D printing approaches, which are extrusion, inkjet, and laser-assisted printing. [5] [13] [14] In this research, extrusion-based 3D printer operated by pneumatic control was employed. Fig. 1 shows a digital image of F4200N.1 Series Robot. As shown in Fig. 1, F4200N .1 Series Robot (Fisnar, USA) has three major components: main body unit, teach pendant, and DC 100 digital dispenser. Main body unit was used to adjust the XYZ movement to define the structure; the function of teach pendant is to store and follow the programming code to control main body unit movement; DC 100 digital dispenser extrudes the 3D printable materials and the extrusion process can be controlled by adjusting the pneumatic pressure forcing the extrusion. The most common challenges faced in 3D printing technology are collapsing and shape fidelity. [4] Good rheological properties are one of the most important aspects of obtaining high performances of 3D printing structures. In this research, cellulose nanofibers (CNFs) were used for 3D printing. CNFs are highly viscous even with very low concentration, however, collapsing of CNF is a common challenge due to the high-water content of cellulose nanofibers.
Therefore, to improve the structural stability of 3D printed parts, it is necessary to either tailor the structure of CNF by crosslinking or combining the CNF with some additives.
Cellulose Nanofibers (CNFs)
In recent years, cellulose has attracted considerable attention due to its sustainability, renewability, and abundance. [ There are several methods for preparing nanofibers. According to Khalil et al. the mechanism of preparing CNF are the formation of ionic groups and generation of hydrophobic surfaces. Formation of ionic groups includes carboxymethylation, oxidation, and sulfonation; whereas, the generation of hydrophobic surfaces includes acetylation, isocyanate, and sialylation. [15] Isogai et al. developed a method to prepare completely individualized CNF with 3-4 nm diameter and a few microns length from wood cellulose fibers by 2,2,6,6- CNF has very unique characteristics and properties. One very interesting property of CNF is its high water retention capability. It can retain ~98% water. It has an exceptionally high
Young's Modulus of ~145-150GPa. [15] Also, the CNF obtained by the TEMPO mediated oxidation has shear-thinning behavior because it is possible to isolate the entangled fibers by using high-intensity ultrasonic force. [15] [ 16] In addition, the rheological properties of CNF demonstrate that have a high viscosity even at a low concentration. The extremely large water content and porosity of CNF make it applicable in aerogels/foams and barrier material field.
[15] [17] [21] [22] Cellulose nanofiber hydrogel is also used in some bio-applications, which require a fast gelation process. [5] Alginate and cellulose nanofibers bioinks display strong crosslinking with multivalent cations, such as Ca 2+ .
[4] [5] [14] However, CNF is electronically insulated material and other conductive additives such as such as carbon, carbon nanotubes and silver nanowires etc. are needed for its application in energy storage field.
[11] [13] Carbonization is one of the methods to provide the conductivity of CNF. After carbonization, CNF converts to pure carbon with high electric conductivity. These properties make cellulose nanofiber an excellent material for batteries, supercapacitors, wearable electronics, etc.
[11] [13] [14]
Battery
In recent years, batteries play an important role in human's life. It has been extensively used in the aerospace industry, military applications, medical apparatus, transportations, etc.
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The principal mechanism of batteries is to convert chemical energy into electrical energy. It is composed of four major components: cathode, anode, separator, and electrolyte. Cathode and anode are electronically isolated from each other by the separator. However, they are immersed in an ionically conductive electrolyte containing cations and anions. [23] Battery performance is mostly evaluated by its energy density, power density, lifetime, and safety issue. [23] [24] [25] Based on the equation E=Vq, where E is the energy (as an energy density), V is voltage, and q is electronic charge quantity, the energy density can be improved by increasing the output voltage and the capacitance of the cathode and anode. [23] [26] Power density is the ability of the battery to deliver power per unit weight of the battery. High power density has a high rate of charging/discharging. However, high rate charging/discharging can initiate side reactions that affect the battery performance such as aging, capacity-fading and often cause structural damage. [23] Battery life is the number of charge/discharge cycles before the battery died. It is usually determined by the material properties, battery structure, and current and voltage setting of the battery. The safety issue is also an essential requirement for a battery. To improve battery safety, the solid-solid interface is regarded as one of the promising replacement of liquid electrolyte. [1] [23] Solid state electrolytes have advantages in miniaturization and durability. [27] But the major disadvantage of the solid electrolyte is the high resistance and poor wettability at the solid-solid interface which limits good battery performance.
Lithium has the lightest weight, highest voltage, and greatest energy density among all metals. [28] Lithium batteries were first attracted interest in the 1950s, and further developed and commercialized in the 1970s. [28] Currently, lithium-ion batteries are dominating the market for electronic devices such as smartphones and electric vehicles. [24] [28] [29] [30] It has attracted considerable attention for its use as a promising cathode in batteries. The most common lithium compound used in battery cathodes are LiFePO4, LiCoO2, LiMnPO4, etc. Lithium iron phosphate (LFP) has high capacity and slight low energy density compared to other iron-based compounds. [25] [30] The main problem of LiFePO4 is its low electrical conductivity (10 -9 to 10 -10 S/cm). [25] To improve the conductivity of Lithium-ion anode, conductive materials including carbon black, carbon nanotubes, silver nanowires and graphite are usually added.
[11] [13] [25] [29] The most common battery structure is the sandwich cell containing cathode-electrolyteanode. [23] Recently, a novel architecture of 3D microbattery has been designed as illustrated in Fig. 4 . The novel 3D printed micro battery structure is very simple where cathode and anode have very high aspect ratios and are interdigitated to each other. [8] [22] This high-aspect ratio and interdigitate cathode and anode arrays facilitate the ion and electron transportation by providing them much shorter pathways compared to any other structures. To date, 3D printed micro batteries with interdigitate structure is one of the batteries having highest energy and power densities. In the present work, LFP and molybdenum disulfide (MoS2) are used to be battery cathode active material and active anode material, respectively. LFP is mixed with viscosity CNF and printed a comb structure as battery cathode. While as-MoS2 gel is prepared to 3D printing anode electrode according to Guo et al. [31] Though as-MoS2 gel can provide enough viscosity to hold 3D printing structure very well, CNF is added in as-MoS2 because CNF can provide carbon source for electric conductivity and also bind 3D printed material without smashing. The asMoS2 gel sample should be transferred to 2H-MoS2 under thermal annealed. The 3D printed CNF/LFP and 3D printed CNF/MoS2 structures, and electrochemical performance for battery cathode and anode are studied.
CHAPTER 2 --EXPERIMENT

Material Preparation
CNF preparation
Cellulose Nanofibers were prepared by TEMPO mediated oxidation of softwood pulp. 2 g of softwood pulp was added to a 500mL beaker containing 100mL distilled water and stirred for 2 hours to partially disperse the fibers. After dispersing the wood pulp, 0.032g of TEMPO (SigmaAldrich, USA) was added to the solution and for the solution was stirred until the TEMPO dissolved completely. Then, 0.2g NaBr (Sigma-Aldrich, USA) and 6mL 12.5 wt% NaClO solution (SigmaAldrich, USA) were added to initiate the oxidation reaction. During the oxidation process, Ph of the solution will decrease dramatically. To maintain the Ph at 10, 0.5mol/L NaOH was added at an interval of ~7-10 minutes until Ph stabilized at 10 for two hours. The solution was stirred for another 10 hours to complete the reaction successfully and at this step it is adjusting the Ph at 10 is not required. After successful completion of the TEMPO catalyzed oxidation process oxidized cellulose fibers were washed with distilled water and the excess water was removed by centrifuging the solution at 4000rmp for 15mins each time. This step was repeated for 10 times. After the final washing process, the cellulose fibers can be obtained by collecting the precipitation of the centrifugation process. The concentration of cellulose fibers can be weighted and calculated to be 2%~4%. The as-prepared cleaned cellulose fibers were stored in a refrigerator at 4˚C. To obtain 1.5% cellulose nanofibers, 20g 3.08% cellulose fibers were diluted by adding 21mL distilled water and then sonicated in an ice bath by using a probe sonicator (400watt, 20kHz, Sonic, USA) at 50%
amplitude for 60mins with 1s on 1s off. Different amount of water should be added to obtain different concentrations of CNF. During the ultrasonic process, the color of the cellulose fibers changed from white to transparent and the viscosity of the solution increased significantly.
CNF and Sodium Alginate (SA)
To prepare sodium alginate solution, 0.3g of Sodium Alginate powder (Sigma-Aldrich, USA) of was added to 1.5mL DI water. To make the solution transparent and increase the viscosity of the solution, it was sonicated for 10 minutes using the probe sonicator at 50% amplitude with 1s on 1s off. Then, 20g of 1.5% CNF of were added into the mixture and mixed well with sodium alginate solution by sonicating it in an ice water bath ultra-sonicator for 30mins. The ratio of CNF to sodium alginate was 1:1. To obtain strongly crosslinked hydrogel, the mixture was immersed in 0.1mol/L CaCl2 overnight.
CNF and Lithium Iron Phosphate (LFP)
Similarly, to prepare the CNF and Lithium Iron Phosphate mixture, 0.3g of LFP powder (Fisher, USA) was added to 20g 1.5% CNF solution and probe sonicated for 30mins at 50%
amplitude with 1s on 1s off. The mass ratio of LFP to CNF was 1:1.
CNF and Molybdenum disulfide (MoS2)
CNF/as-MoS2 gel was prepared following the method described by Guo et al. [31] Three precursors were used to form as-MoS2 gel: ammonium molybdate tetrahydrate ((NH4)6Mo7O24·4H2O, Sigma-Aldrich, USA), thioacetamide (CH3CSNH2, Sigma-Aldrich, USA), and diethylenetriamine pentaacetic acid (Dtpa, Sigma-Aldrich, USA). At first, 0.2g (NH4)6Mo7O24·4H2O was dissolved in 6mL of DI water. Then, 0.6g CH3CSNH2 was added to the solution and stirred until a homogenous solution was obtained. After that 0.05g Dtpa was added to the solution and stirred continuously at high rpm for 1 hour to obtain a brown solution. The as prepared brown solution was mixed with 40g 1.5% CNF and then it was heated at 60˚C in an oven for 12h to obtain gel-like consistency to make it a printable gel. After printing process CNF/asMoS2 gel can be converted to C/MoS2 by calcining it in a high-temperature furnace at 600˚C for 1h, 800˚C for 1h, 1000˚C for 1h, or1000˚C for 4h are, respectively.
Characterization Technician
The solution viscosity of CNF, CNF/SA, CNF/LFP, and CNF/as-MoS2 gel were measured by using a Discovery HR-2 Rheometer (TA instrument, USA) at 25C. The samples were measured at shear rates from 0.01 to 100 s -1 . The morphology and microstructures of CNF aerogel, CNF/LFP aerogel, and CNF/as-MoS2 aerogel were characterized by a field emission scanning electron microscopy (SEM, Hitachi S4800, USA). The nonconductive sample was coated with platinum for 20s and measured under ultra-high-resolution mode with an accelerating voltage of 5KeV (Supra 25). Transmission electron microscopy (TEM, JEOL 1010) was used to perform CNF nanostructure.
Raman spectroscopy was carried out on a LabRam HR800 UV NIR with 532 nm laser excitation.
X-ray diffraction (PANalytical/Philips X'Pert Pro) patterns of C/LFP and /CMoS2 were recorded for 2θ -values ranging from 10° to 80° with Cu Kα radiation.
Battery Performance evaluation
The electrochemical performance of the C/LFP (after CNF/LFP carbonization) and C/MoS2 (after CNF/MoS2 carbonization) had been measured by using Standard CR2025-type coin 
CHAPTER 3--3D PRINTING TESTING AND IMPROVEMENT
3D Printing Pure CNF
During the ultrasonic process, the viscosity increased greatly. If the viscosity of the material is too high, the high power of the ultrasonic probe and the heat generated during the process will dry out and eventually solidify the material. Therefore, it is necessary to add some water to reduce the viscosity of the solution before the ultrasonic dispersion process to successfully disperse the CNF. Fig. 5(a) shows the digital image of 20g 3.08% cellulose fiber and (b) shows the 1% ultrasonic dispersed CNF After adding 47mL DI water to be 1% concentration, the ink was ultrasonic disperse for 30mins. Fig. 5(b) is cellulose nanofibers dispersed by the ultrasonic probe.
It was obvious that the color changed from white to transparent. After freeze-drying, the material was light and porous characteristics. the printed CNF is 1.5%. As illustrated in Fig. 6(a) , the printed structure spreads out a little bit but it can still retain its original shape. Pure CNF cannot maintain its structure very well due to very high viscosity of CNF. The first layer starts to spread out immediately after printing while printing the second layer on top of it. The printed NEU structures were dried following two different methods -(1) Room temperature drying and (2) Freeze drying. The printed "NEU" structure was kept at room temperature for1 day to dry but the printed part cannot retain its structure after drying process and only an impression of "NEU" pattern remained as shown in Fig. 6(b) . For the drying at room temperature, the structure of the printed pattern shrank drastically as the water content of CNF was ~98.5%, which evaporated during the drying process and only 1.5% of CNF left after drying as illustrated in Fig. 6(b) . Whereas, the structure retention of the printed pattern was much higher for the freeze-dried parts compared to the normal drying process at room temperature as 13 shown in Fig. 6(c) . However, after freeze drying, "NEU" structure became very light, fragile, and porous. FreeZone and porous structure appeared.
3D Printing CNF/SA Crosslinked by CaCl2
Fig .7 shows the 3D printing cellulose nanofibers combined with sodium alginate. The structure is a 30mm x 30mm square with five layers. It is obvious in Fig. 7 (a) that the walls of the square can retain its shape very nicely without spreading out or having any deformation. Yet, the structure of the CNF/Sodium Alginate contracted upon air exposure leaving the very small amount of material as shown in Fig. 7(b) . While the structure can be held nicely by immersing the printed structure into 0.1mol/L CaCl2 (calcium chloride) as illustrated in Fig. 7(c) . This is because CNF and sodium alginate undergoes a strong crosslinking reaction to form hydrogel in CaCl2 solution.
The hydrogels were hard and have very high elasticity. After crosslinking once it forms the hydrogel, the walls of the square structure have little deformation. The hydrogels can maintain their structure very well even after storing them at 4˚C in a refrigerator for 24 hours. After freeze-drying hydrogel in Fig. 7(d) , the structure can also be maintained very well. Various shapes, such as cylinder, comb, and chair structures, can be printed by using CNF/SA as exhibited in Fig. 8(a)-(d) .
From Fig. 8(d) , 3D printing layer lines after freeze-drying can be seen clearly. Figure. 8 Other various structures were printed using CNF/SA composition: (a) five-layer of spiral cylinder, (b) two-layer comb structure, (c) four-layer chair structure, and (d) three-layer comb structure for battery after freezing. (e) Detail of freezing comb battery structure, the layer lines can be seen clearly.
3D Printing CNF/LFP for Battery Cathode
LFP is usually used as a battery cathode. The purpose of adding CNF was to provide the necessary viscosity for 3D printing and to provide enough conductivity (carbon source) to the cathode after its carbonization. As it is not possible to use ultrasonication for the CNF having concentration higher than 2%, the achieved viscosity was not high enough to hold the structure nicely during the 3D printing process. To improve the resolution of the LFP/CNF electrode, obtaining high viscosity of LFP ink is necessary.
In total four methods were tried for printing and three of them were failed for 3D printing and only one of them can successfully print high-resolution part. In the first method, high concentration of CNF was used to disperse using ultrasonication and combined with LFP. Due to very high amount of heat generation causing from the high forces at the tip of the probe sonicator, the solution around the tip dried and solidified (as shown in Fig. 9(a) ) unevenly during the sonication process. Using this semisolid CNF/LEP for printing is not possible as it would clog the printing needle. The second method is to first use the probe sonicator to disperse CNF in 1% concentration and then use the hot plate to heat the uniformly dispersed CNF/LEP mixture to increase the concentration by evaporating the excess amount of water from the mixture. However, during the heating of the samples on the hot plate under magnetic starring, the heating was very uneven and the top surface of the mixture, which was exposed to the air solidified and formed a semisolid layer on top of the mixture as shown in Fig. 9(b) . For similar reason of clogging the printing needle, these methods also cannot be used to prepare the printing ink. The third method was to use filtration to increase the concentration as shown in Fig. 9(c) . A 0.65 µm filter paper was used and vacuum was also used to speed up the filtration process. The residues were collected after filtration and unfortunately, with the filtration the water was removed completely from the mixture and the ink solidified during filtration process. The obtained residues contain unevenly distributed large chunks of CNF/LFP and not suitable for printing process. 
3D Printing of CNF/MoS2 for battery anode
At first, a precursor of MoS2 using NH46Mo7O24·4H2O, CH3CSNH2 and Dtpa was prepared as as-MoS2 as illustrated in Fig. 11(a) . Then the solution was placed in an oven at 60˚C for two days. The consistency of the precursor was changed to gel from liquid after two days of drying as shown in Fig. 11(b) . Fig. 11 (c) displays interdigital comb structure of the 3D printed anodes made of as-MoS2 gel. The comb structure was printed in three layers using 0.25 mm needle. It is noticeable that the as-MoS2 gel anodes have a stable and high-resolution structure after 3D printing. Fig. 11 (d) presented 3D printing layer thickness and shapes of layer lines, which also proves the stable structure and stable properties of printing as-MoS2 structure. However, after freeze-drying the structure of the anode was destroyed. This is due to the lack of binding material to connect asMoS2 as integra. Therefore, adding CNF could act as a binder and helps to retain the structure of the 3D printed electrode after freeze-drying and also provide conductive carbon source after carbonization applying for battery electrode. Thus, to increase the structural stability of the 3D printed as-MOS2 gel after freeze-drying and carbonization, 20% CNF was added in the as-MoS2 gel precursor mixture and mixed thoroughly using probe sonicator. Same drying process as as-MOS2 was followed to obtain the gel like consistency of the CNF/as-MOS2 and the obtained gel was used for 3D-Printing. After freezedrying, the structure improved a little bit compared to the MOS2 anode but still cannot maintain its original structure as shown in Fig. 12(a) . To enhance the structural stability of the anode, 35% CNF 20 was added to prepare the ink for printing. Fig. 12(b) shows the 3D-printed CNF/as-MoS2 gel with 35% CNF. The as prepared anode can retain its structure perfectly after freeze drying and even after carbonization. The actual concentration of CNF in the mixture of CNF/as-MoS2 was measured to be 8.8%. 
CHAPTER 4 -RESULTS
Morphology and Characterization of CNF
Transmission electron microscope (TEM) images of the morphology of CNF are exhibited in Fig. 13(a) and (b) . The CNF is observed a uniform fibrous structure and distribution with ~10nm diameter and ~300nm length. This can prove that CNF was prepared very well uniform in nanoscale.
The morphology of freeze-drying CNF aerogel exhibits porous structure as illustrated in Fig. 13(c) and (d). It is apparent that many large and porous sheet stack together to form a strong and organized aerogel structure. 
Cathode Material Characteristics -CNF/LFP
The morphologies of CNF/LFP aerogel after freeze drying are presented in Fig. 15(a)(b) .
From these images, it can be seen that the stacked porous CNF sheets are adhered by many LFP particles on the surface. Fig. 15 (b) exhibits more detailed morphology of LFP particles cultivate on CNF sheet surface. After carbonization at 600°C for 1h, the surface morphology is characterized by SEM in Fig. 15 Raman spectroscopy test offers information of LFP/CNF after thermal annealing at 600°C for 1h. In Fig. 16(a) , three bands at 951 cm electrons. Note that carbon coating could positively affect the intensity and shape of peak in the CV profile. [25] The electrochemical impedance spectroscopy (EIS) was conducted on C/LFP electrode to further insight the electrochemical properties as illustrated in Fig. 17(b) . The coin cell of C/LFP was fully charged at frequency range of 100kHz to 10mHz. The depressed semicircle in highfrequency region was associated with the charge transfer resistance of the electrochemical reaction.
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The sloping straight line in low-frequency region presented the lithium ion diffusion process in electrode material, which named the Warburg impedance.
[25] [32] Fig. 17(c) was the cycling performance for C/LFP electrode at various charge/discharge current from 50mA/g to 500mAh/g. Every cycling exhibited stable property for the reason that there was no obvious decline in the discharge capacity. The charge/discharge capacity became low at high current density, which can be contributed to the less lithium ions diffused between particles and lead to low lithium ion capability. The initial charge capacity of C/LFP at 50mA/g current density was 45mAh/g. It is worth mentioning that higher carbon content may lead to the decrease discharge capacity since coating carbon was inactive material. [32] The charge/discharge capacity could reach 40mAh/g after 40 cycles at 40mA/g current density, near to its initial capacity of 40mAh/g. The cycling performance and coulombic efficiency of C/LFP electrode were conducted at a current density of 50mA/g as shown in Fig. 17(d) . Notably, the C/LFP sample presented excellent cycling stability with reversible specific capacity of 65mAh/g after 40 cycles. The coulombic efficiency can be approaching 90%. There was a poorly specific capacity of 50mAh/g exhibited. 
Anode Material Characteristics -CNF/as-MoS2
A group of SEM images in Fig. 18 shows the morphology difference between CNF/asMoS2 aerogel and carbonized material. As presented in Fig. 18(a) , the CNF/as-MoS2 aerogel has very rough surface with lumps decorated on it. More detailed observation in Fig. 18(b) reveals the aggregated lumps of as-MoS2 mixture material adheres to the surrounding of nanofibers to product an entangled mass structure. After carbonization at 600°C for 1h, C/MoS2 stacked lamellar walls with abnormally shaped pore structure is observed in Fig. 18(c) . Cellulose nanofibers transfers to carbon particles and nanofibers are not existed after carbonization process. EIS was applied to better understand the electrochemical performance of C/MoS2 electrode at frequency range of 100kHz to 10mHz as illustrated in Fig. 20(b) . The impedance spectra were combined by a semicircle and sloping straight line. The depressed semicircle in high frequency region was corresponded to the charge transfer resistance Rct, while the sloping line at low frequency region indicated Warburg impedance Zw of long range lithium ion diffusion. According to previous reports [31] [29] [33] , the intercept in high frequency region presented the resistance of electrolyte Re; CPE is a constant phase element of the electrode/electrolyte interface; the high frequency semicircle was attributed to the resistance Rf and CPE1 of SEI film; the medium frequency semicircle was corresponded to the charge resistance Rct and CPE2 of the electrode/electrolyte interface. Fig. 20(c) shows the charge/discharge capacity of C/MoS2 at different current densities, 50mA/g, 100mA/g, 200mA/g, 500mA/g and 50mA/g, respectively. The charge/discharge capacity is very unstable with dropping rapidly at the beginning of cyclic at 50mA/g current density. Until 150mAh/g capacity, the charge/discharge curves keep stable. The charge/discharge capacity could reach 150mAh/g after 40 cycles at 50mA/g current density, near to its initial capacity of 50mAh/g.
Note that carbon content in MoS2 may lead to higher specific capacity than pure MoS2 since the hybrid structure of C/MoS2 can improve the electric conductivity of electrode and keep high capacity. [25] Fig. 20(d) exhibited the cycling performance of the C/MoS2 sample at 100mAh/g constant current density. It is clear that the first charge and discharge capacities were higher than 600mAh/g. Notably, the coulombic efficiency of C/MoS2 electrode maintained at ~100%. However, the cycling stability of C/MoS2 electrode was poor with a charge/discharge capacity reduced in 10 cycles. That result proved the poor stability of C/MoS2 electrode. 
CHAPTER 5 -CONCLUSIONS AND FUTURE WORK
Conclusions
3D printing is a popular technique and widely used in both research and industry fields. In this work, extrusion 3D printer is used to 3D printing various simple structures and unique structure for battery electrode. In previous reports, highly concentrated graphene oxide-based electrode inks (GO) was prepared to be battery electrodes with active materials lithium iron phosphate (LFP) and lithium titanium oxide (LTO).
[1] [28] The preparation process of GO is kind of dangerous and complex. To find friendly environmental and inexpensive material for 3D printing battery electrode, cellulose nanofiber (CNF) is prepared as providing viscosity and carbon source. CNF is a sustainable and friendly environment material extracted from wood pulp with abundant quantity in the earth. Considerable reports have shown the unique properties such as flexibility, high mechanical strength and stretchability. TEMPO mediated oxidation method is used in this work to prepare CNF with ~10nm diameter and ~300nm length structure. CNF has a high viscosity at a low concentration, which means CNF has outstanding rheological properties with ~98% water content. This rheology property makes CNF possible to be used in 3D printing technique.
Extrusion 3D printer is used in this research because material selection can be decided by user with much more freedom. Extrusion 3D printer has highly requirement on material viscosity, concentration and uniformity. Though CNF has highly viscosity, collapsing of 3D structure is still a challenge owing to the high-water content in CNF. Note that ~2% CNF is the most concentration can be ultrasonicated uniform in this project. Sodium alginate (SA) was one of the method to fast gel CNF in strong crosslinking with calcium cations. After CNF/SA crosslinking in calcium chloride solution, the 3D printed structure exhibits good physical properties. However, the 3D printing structure has deformed during the crosslinking process, which reduce the precision benefit of 3D printing and cannot be applied in high resolution battery electrodes. To improve CNF concentration and keep stable 3D printing structure, several methods are carried out such as ultrasonic high concentration CNF, hot plate heating, and vacuum filtration methods. They are all failed because CNF solidification exposed in air and uniform results. Finally, one successful method comes out by covering plastic film on the top of material container to gather moisture under ultrasonicating in sonic bath.
Lithium iron phosphate (LFP) and molybdenum disulfide (MoS2) are battery cathode active material and anode active material, respectively. In this work, as-MoS2 gel is prepared to 3D printing anode electrode. To improve electric conductivity, CNF is added with as-MoS2 gel as a binder to retain 3D structure and also provide carbon resource after carbonization. After annealed electrode is proved that it has high capacity at the beginning but exhibit poorly stability in the following reaction cycles.
Future Work
This research demonstrates that battery electrode can be 3D printed using sustainable, low cost, and abundant material. CNF is one of the environment friendly material and has printable
property. There are many works should be investigated in the future including CNF material modification for 3D printing structure improvement and battery electrochemical properties optimization.
Collapsing challenge is very common in 3D printing technique. The highest CNF concentration can be ultrasonicated in this work is ~2%. Though the unique property of CNF exhibits good viscosity in a low concentration, the stability is still poor after 3D printing, which will lead to low resolution of 3D printing structure. Though concentration was improved in this work, the method -using plastic film wrap to cover the opening of the beaker to prevent air exposure and then ultrasonicating the mixture in a water bath sonic box -is very trouble and unproduceable. Therefore, one effective way to improve CNF concentration should be developed, which will greatly help CNF explores applications in many fields in the future.
There are some aspects in 3D printed battery can be improved in the future. In this work, 3 layers comb structure was printed using CNF/LFP and CNF/as-MoS2 compositions as cathode and anode, respectively. By improving the concentration of CNF, more layers printed for battery electrode structure should be conducted feasible, which will obtain higher capacity in battery electrochemical measurement. The development of improved cathode materials is a challenge currently for high energy storage requirement. LFP as a common cathode material which can
